Abstract. In order to reduce the vibrational level of lightweight composite structures, active vibration control methods have been applied both numerically and experimentally. Using the classical laminated beam theory and Ritz method, an analytical model of the laminated composite beam with piezoelectric sensors and actuators has been developed. Smart composite beams and plates with surface-bonded piezoelectric sensors and actuators were manufactured and tested. It is found that the developed analytical model predicts the dynamic characteristics of smart composite plates very well. Utilizing a linear quadratic Gaussian (LQG) control algorithm as well as well known classical control methods, a feedback control system was designed and implemented. A personal computer (PC) was used as a controller with an analogue-digital conversion card. For a cantilevered beam the first and second bending modes are successfully controlled, and for cantilevered plates the simultaneous control of the bending and twisting modes gives a significant reduction in the vibration level. LQG has shown advantages in robustness to noise and control efficiency compared with classical control methods. In this study examples of control spillover are demonstrated via the instantaneous power spectrum of the sensor output.
Introduction
There has been increasing use of lightweight composite structures in modern industries including aerospace fields. There are several advantages in the utilization of composite structures for aircrafts and spacecrafts including tailoring capabilities.
However, these lightweight structures are prone to experience excessive vibrations such as flutter phenomenon and fatigue failure. Therefore many researchers have sought various methods for vibration reduction of structures.
Recently active vibration control technologies have drawn attention because active control methods are becoming cost efficient due to rapid development of electronic technologies. One more reason is the appearance of new actuator-sensor concepts, namely, piezoelectric actuators and sensors incorporated into host structures. Piezoelectric actuators and sensors can be easily bonded on or imbedded into conventional structures, and they can be easily manufactured in the desired shapes. Also they are lightweight and have higher actuating force and lower power consumption characteristics. † Author to whom correspondence should be addressed. E-mail address: inlee@asdl.kaist.ac.kr
In the process of the design for active vibration control of structures, it is first required to analyse the dynamic behavior properly. Research efforts concerning modeling of piezoelectric materials incorporated into structures include work by Crawley and de Luis [1] , Hagood et al [2] , Lee [3] , Ha et al [4] , and Chandra and Chopra [5] . Also many research results on analysis of piezoelectric structures can be found in [6] .
Many investigators have performed experimental research for active vibration control using piezoelectric materials. Bailey and Hubbard [7] investigated the use of surface-bonded piezo-film actuators to reduce vibrations in a cantilevered beam. Choi [8] performed an experiment for the vibration reduction of a cantilevered beam using multistep bang-bang control methods. Lazarus and Crawley [9] used LQG (linear quadratic Gaussian) control and optimal projection compensation to control the vibration of plate structures. Collins et al [10] proposed a method for spatial filtering of sensed signal using shaped piezoelectric films. Clark et al [11] performed a vibration control experiment on thin plate type structures using a piezo-film modal sensor. Baz et al [12] implemented an independent modal space control (IMSC) with positive position feedback (PPF). Prakah-Asante and Craig [13] presented multichannel control methods to control vibration transmission of disturbances actively in a typical finite beam structure bonded with piezoelectric actuators and sensors.
There have been several studies to utilize piezoelectric materials for vibration reduction of isotropic structures. However, there should be still more studies for vibration reduction of composite structures.
In this paper an experimental study for active vibration control of composite beams and plates is presented. The detailed description of the experimental procedure and extensive results are given in this study.
For the vibration control experiment a digital controller using a personal computer with an analogue-digital conversion card is constructed so that several control algorithms including the LQG optimal control method can be easily implemented. Comparison among experimental results obtained by applying different control algorithms has been made. In particular spillover phenomena, which are a crucial problem for control of continua, are illustrated via instantaneous power spectrum. Also in this study an analytical model using the Ritz method is derived in the case of a beam specimen, and control histories of the beam specimen are simulated using the MATLAB/Simulink program [14] . Good agreement can be found between experimental control results and simulated time histories.
An analytical model of a composite beam with a piezoelectric sensor and actuator
In this section an analytic model for the dynamics and sensor-actuator characteristics of an active beam structure, which consists of a composite beam and a piezo sensoractuator bonded on the surface of the beam, is presented. The classical laminated beam theory and Ritz methods are applied here to find the dynamic characteristics of the active beam.
In the development of the analytical model for the active beam, temperature variations and nonlinear behaviors of piezoelectric materials are assumed to be negligible. The piezoelectric characteristics can be described as a constitutive relation which characterizes the coupling effect between mechanical and electrical properties as follows:
where σ q and ε p represent the stress and strain, respectively, E k and D i represent the electric field and electric displacement, respectively. Also S E pq , d ip and ε σ ik represent the elastic compliance, piezoelectric strain/charge coefficient, and electric permitivity, respectively. In equations (1) and (2) a lamina can be either a piezoelectric material or a conventional composite lamina. In the latter case material constants d ip and ε σ ik should be set to zero. Because of the layer angles of a composite beam, the relations (1) and (2) should be transformed into the relations in the geometric axes, and, recalling that the stress components except σ x are negligible, the induced strain of an unconstrained piezoelectric actuator can be written as
whered 31 is the transformed piezoelectric constant, V is the applied voltage, and h pa is the thickness of a piezoelectric actuator. The stress and strain relation in each layer can be written as
where Q xx is the stiffness and ε 0 x and κ x represent the strain and curvature at the mid-plane. By integrating equation (4) through the thickness, the resultant moment can be obtained as
where M a x is the induced moment of a piezoelectric actuator and it can be written as
where c a is a constant which can be obtained from equations (3) and (6) . Applying the moment distribution, equation (5), to the equation of motion for the classical laminated beam, the following equation of motion can be obtained:
where QI and ρA represent the equivalent bending stiffness and the inertia of the beam, respectively, and they have different values along the x-coordinate. For the region with bonded piezoelectric materials, the stiffness and inertia of piezoelectric materials should be combined into those of the main composite structure. Also note that the solution w of equation (7) should satisfy the appropriate boundary conditions. In order to solve equation (7) numerically, eigenfunctions u i of the cantilevered isotropic beam were taken to be comparison functions so that w can be written as a linear combination of u i .
When the external voltage vanishes, the eigenvalue problem can be constructed as
where K ij and M ij represent the stiffness and mass matrices, respectively. By solving equation (9) the natural frequencies and mode shapes can be obtained, and the modal equation can be written as
The moment induced by the applied voltage term appears in the modal equation (10) . Here, the modal forces b i V (t) and b i can be written as where the integration is performed over a , which is the region covered with the piezoelectric actuator, and ψ i is the mass normalized eigensolution of equation (9) . Similarly, the sensor charge can be written as
where
where s is the region where the piezoelectric sensor is present,d 31 is the transformed piezoelectric constant, and z s is the average height of the sensor layer from the neutral axis.
Controller design

An optimal controller
A linear quadratic optimal controller is designed to control the first two modes of composite structures. The objective of the control is to bring the structures from a perturbed state to the initial state, the rest state, with possible minimum control inputs. A state feedback rather than output feedback is adopted to enhance control performance. Generally the equation of motion for flexible structures can be written in the following form: After the transformation of equation (15) into the modal equation form, equation (16) can be obtained.
where b i is the ith modal control force due to unit applied voltage, and u is the control voltage. When the state variable x is defined as modal displacements and modal velocities, the state space equation for the system can be written asẋ = Ax + Bu (17)
where y is the sensor output and c i is the ith modal sensing constant, which is the sensor output due to unit ith modal displacement. Since a state feedback is applied in this study, one should prepare an algorithm which can estimate the state value from the measured signal. This kind of algorithm is called an observer. Among several proposed observers, the Kalman filter is selected in this study, and it is an optimal state observer for a system contaminated with process and measurement noise. The state space equation for a system with external noise can be written as follows: 
where F is the process noise influence matrix and is assumed as
T , and where v and w mean the process and measurement noise, respectively. The Kalman filter dynamics can be written aṡ
wherex is an estimated state andK is the Kalman filter gain to minimize the expected value
The filter gainK can be obtained from the solutionP of the algebraic Riccati equation (25) and equation (26):
The objective function J for the vibration reduction can be formulated in a quadratic form as equation (27) . Then control voltage can be obtained as equation (28).
where Q is a state weight matrix, R is a control weight matrix, and G is the control gain. For a more rapid vibration reduction, a larger value of Q can be selected, and for a smaller energy consumption, a larger value of R can be selected. The process for determining the controller gain G is similar to that for the filter gain, and can be summarized as follows:
As discussed so far, a control procedure which uses a Kalman filter as an observer and a controller that minimizes an objective function of quadratic form is called an LQG control method. 
A classical controller
Usually most classical control methods are based on output feedback rather than state feedback. In this study the well known constant gain control (CGC) method and the bangbang control (BBC) method as classical controllers are used to suppress vibrations of composite structures. Their structures are relatively simple and the control input can be written as follows:
where K d is the constant control gain and V max is the magnitude of control voltage when BBC is applied. In case of BBC a dead zone is set up as in equation (33) to prevent excessive chattering:
Results and discussion
Composite specimens for vibration control experiments were prepared from the unidirectional graphite/epoxy prepreg tape, CU-125 of Hankuk Fiber Glass (HFG (20), the natural frequencies ω 1 and ω 2 and modal damping ratios ζ 1 and ζ 2 should be identified in order to design an LQ controller. In addition, modal actuation forces b 1 and b 2 modal sensing constants c 1 and c 2 should be identified. Natural frequencies were measured from the frequency response function between the random signal applied to the piezo-ceramic and the measured output signal from the piezo-film. Modal damping ratios were obtained from the envelope of the free damped vibration signal. Modal actuation forces and modal sensor constants were obtained from the steady state excitation experiment. They were chosen in a way to minimize the error between estimated output and real output. Identified system parameters are summarized in table 2.
The overall experimental setup for vibration control is shown in figure 3 . The external disturbances make the composite structure vibrate, and a piezo-film sensor generates the corresponding charge.
The charge is transformed into voltage through a charge amplifier (B&K type 2635). In order to reduce the effects of high-frequency noise, a low-pass filter (Waveteck Dual HI/LO Filter model 852) is used. The signal is fed into a PC via an analogue- digital conversion card (Advantech PCL 818), and the PC performs the required calculations to make the control signal. That is, the Kalman filter and LQ optimal controller are implemented in the PC. The sampling frequency used here is 1000 Hz, and PC Timer interrupt is used in order to maintain the exact sampling rate. The implementation of several control algorithms can be performed easily using this kind of controller. The control signal is processed in a correlator (TSI model 1015C) to remove DC offset, and amplified in a high-voltage amplifier (Applied Electronics). The maximum voltage is limited to 150 V for this highvoltage amplifier. A digital oscilloscope and an FFT analyser are used to monitor the vibration reduction effects. To quantify the relative importance of the weighting matrices Q and R, the following form is adopted in the experiment.
where q 1 and q 2 are selected as the maximum values within stable regions by trial and error when m = 1.0, and m is an indicator for the relative importance between control effect and control effort. Also note that in equation (34) the modal velocity components are weighted heavily compared with modal displacements because the control objective is focused on the increment of the damping of the controlled response. Similar results for the second-mode control are given in figures 7 and 8. For the sake of brevity other control results are not shown here, but it was found that as the value of m increases the control effects become larger. It was also observed that LQG control has more advantages than classical control when the simultaneous control of two vibrational modes is desired. In figure 9 the frequency response of the beam is plotted when LQG is applied. Using a magnetic transducer (B&K MM0002) random disturbances were applied to the structure and the frequency response between applied disturbances and piezoelectric sensor signal was obtained. The LQ control makes the first frequency increase, and reduces the peak value of the first two modes. Note that there is little effect of closed loop control on the third mode.
Now experimental results for plate specimens will be discussed. Firstly the simultaneous control results for the first two modes (bending and twisting modes) using LQG are shown in figures 10-12. For Plate1 the first and second resonance peaks decrease significantly, and for Plate2 the first and second resonance peaks were reduced by around 10 dB. However for Plate3 the control effects are not so distinct, because of the control spillover. However it should be noted that it is difficult to control more than one mode simultaneously using classical control methods. Figures 13-15 shows the control results for Plate3 in the time domain when different algorithms are applied. In these figures each line indicates the envelope of decaying output signals. In every case initial disturbances were given with the first mode's frequency excitation. When the classical controls such as CGC and BBC are applied it is observed that the control effects are much less than that of LQG. As the gain for CGC or the maximum voltage for BBC increases to a higher value, the system becomes unstable. Similar results can be observed for the second-mode control. From these observations it is deduced that LQG control has the highest efficiency in controlling one mode as well as two modes simultaneously. Figures 16-19 show the frequency components of the output signal over time. In the figures the three axes are frequency, time and the power spectrum, respectively, and each frequency response was obtained from the time domain data during 0.5 s. Figure 16 shows the control results for Plate2 when LQG is applied. Initially the disturbances of the first-mode component (in the figure) are enforced, and at the sixth line (after 3.0 s) control action was initiated. Because the suddenly applied control signal can be thought of as an impulse, several modes (-in the figure) were excited simultaneously. However, the first and second modes ( and ) were suppressed by the control action and other higher modes (-) were suppressed by inherent damping. Figure 17 shows the control results of Plate2 when CGC is applied with feedback gain slightly higher than the critical gain. In this case the control energy flows excessively into the seventh mode so the system becomes unstable. This phenomenon is a typical example of spillover. In figures 18 and 19 the disturbances of the second-mode component disturbances are enforced. The instantaneous power spectrum for LQG control is shown in figure 18 . The second mode is damped out very fast by the control action. The third mode is activated for a while; however it is damped out very soon by the inherent damping. Figure 19 shows the control results for Plate2 when CGC is applied with feedback gain slightly larger than critical gain. In this case the control energy flows excessively into the fourth, fifth and seventh modes, and also the first and third modes become unstable. This is another example of spillover of the structure.
Because piezoelectric actuators usually excite higher modes more strongly than conventional actuators, the spillover problem should be treated properly. A method to prevent it is to make use of filtering so that unnecessary higher modes are attenuated. Another method is to use a higher-order controller and multiple sensors and actuators. Many investigators are still investigating many methodologies to prevent spillover.
In the present study a low-pass filter was used to avoid spillover; however the low-pass filter has non-ideal phase lag properties. The phase lag exists not only for higherfrequency components but also below the cutoff frequency region. Therefore it is observed that sometimes the control performances of the first and second modes are degraded by the filter which is necessary for spillover prevention.
Conclusions
An analytical and simulation model, which can calculate the sensor output history and control voltage history, has been developed for the composite beam with piezoelectric sensors and actuators. These numerical models predict not only modal properties but also control characteristics very well. Also experiments for active vibration control of the composite beam and plates have been performed using a digital controller composed of a PC and analogue-digital conversion card. An LQG control system has been designed, in which the Kalman filter has been used as an observer and the control gain has been determined to minimize a linear quadratic performance index. The optimal vibration control has shown advantages in robustness to noise and in control efficiency. The simultaneous control for the first bending and torsion modes of composite plates has been successfully accomplished using the optimal vibration control method. In addition spillover phenomena have been observed via the instantaneous power spectrum.
